ABSTRACT BACKGROUND: While the influence of testosterone levels on vulnerability to affective disorders is not straightforward, research suggests this hormone may confer some degree of resiliency in men. We recently demonstrated a role for the dentate gyrus in mediating testosterone's protective effects on depressive-like behavior in gonadectomized male rats. Here, testosterone may exert its effects through androgen receptor-mediated mechanisms or via local aromatization to estradiol. METHODS: Gonadectomized male rats were implanted with a placebo, testosterone, or estradiol pellet, and subsequent protective anxiolytic-and antidepressant-like effects of testosterone and its aromatized metabolite, estradiol, were then investigated in the open field and sucrose preference tests, respectively. Moreover, their influence on gene expression in the hippocampus was analyzed by genome-wide complementary DNA microarray analysis. Finally, the contribution of testosterone's aromatization within the dentate gyrus was assessed by local infusion of the aromatase inhibitor fadrozole, whose efficacy was confirmed by liquid chromatography-tandem mass spectrometry. RESULTS: Both hormones had antidepressant-like effects associated with a substantial overlap in transcriptional regulation, particularly in synaptic plasticity-and mitogen-activated protein kinase pathway-related genes. Further, chronic aromatase inhibition within the dentate gyrus blocked the protective effects of testosterone. CONCLUSIONS: Both testosterone and estradiol exhibit anxiolytic-and antidepressant-like effects in gonadectomized male rats, while similarly regulating critical mediators of these behaviors, suggesting common underlying mechanisms. Accordingly, we demonstrated that testosterone's protective effects are mediated, in part, by its aromatization in the dentate gyrus. These findings thus provide further insight into a role for estradiol in mediating the protective anxiolytic-and antidepressant-like effects of testosterone.
Androgens are suspected to serve a protective role in the development of affective disorders and can improve depressive symptoms in both men and women. However, the connection between testosterone levels and depression vulnerability is not readily apparent, as both low and high testosterone levels have been associated with depressive symptoms, along with equivocal efficacy reported in studies investigating testosterone as a standalone treatment or adjunct therapy in depressed individuals (1) . Despite this, the incidence of depression in men increases with age, coinciding with a decline in testosterone levels (2) (3) (4) , and testosterone replacement has some efficacy in improving depressive symptoms in this population, as well as in men with refractory depression as an adjunct treatment to antidepressant medication (5) (6) (7) (8) . Moreover, hypogonadism in young men can precipitate depressive symptomology, supporting a protective role of testosterone against the development of affective disorders. Accordingly, preclinical research has shown that testosterone has antidepressant-like effects in aged male mice (9) and protects against the development of depressive-like behavior in male rats following gonadectomy (10, 11) .
While it is clear that testosterone can exert modulatory effects on affective state, the underlying mechanisms remain poorly characterized. Within the brain, physiological actions of testosterone are primarily mediated by its 5α-reduced and aromatase-derived metabolites, dihydrotestosterone (DHT) and estradiol, respectively. Mounting evidence points to an active role of aromatized estradiol in the regulatory effects of testosterone on affective status (12, 13) . This is conceivably due, in part, to its effects on neuronal plasticity within limbic regions implicated in the pathophysiology of depression, including the hippocampus. Indeed, several reports have confirmed significant aromatase expression throughout the hippocampus of rodents and humans in a steroid-and sex-independent manner (14) (15) (16) . Given that the hippocampal formation is rich in both androgen and estrogen receptors (14, 17) , it is possible that testosterone may exert antidepressant and anxiolytic effects via both androgen-dependent and estrogen-dependent mechanisms within this brain region.
We recently demonstrated that testosterone protects against depressive-like behavior in gonadectomized male rats in the forced swim and sucrose preference tests and that these effects directly involve activation of the mitogenactivated protein kinase (MAPK) signaling pathway within the dentate gyrus of the hippocampus (10, 13) . Importantly, these effects were likely due to testosterone's estrogenic metabolite, as supplementation of estradiol to gonadectomized rats, but not DHT, mimicked the efficacy of testosterone in the forced swim test (10) . Although testosterone can activate MAPK signaling via both estrogen-dependent (18) and androgen-dependent mechanisms, it is unclear whether similar mechanisms underlie the antidepressant-like effects of estradiol supplementation in gonadectomized male rats. Further, while both hormones profoundly regulate transcription and activation of depression-relevant signaling cascades within the hippocampus, these effects are complex and can be different (even opposite) or similar in male and female subjects, owing to vast sexual dimorphisms in brain morphology, neurochemistry, and function (19) (20) (21) . As such, there is a critical need to delineate the contributions of testosterone and estradiol to mood-related symptoms in a sex-specific manner. Accordingly, our previous work demonstrated that chronic testosterone supplementation protected against depressive-and anxiogenic-like consequences of social isolation stress in gonadectomized male, but not female, rats (11) .
Given that, in our hands, testosterone lacked protective efficacy in ovariectomized female rats, the present work focused on male rats to determine the nature of estradiol's contribution to the protective actions of testosterone at behavioral and molecular levels. In this work, we investigated the protective anxiolytic-and antidepressant-like effects of testosterone and its aromatized metabolite in gonadectomized male rats and their influence on hippocampal gene expression. In addition, because systemically administered estradiol has widespread effects on various brain regions involved in the display of affective behaviors, we directly examined the role of testosterone's conversion to estradiol in the dentate gyrus on anxiety-and depressive-like behaviors via local infusion of the aromatase inhibitor fadrozole.
METHODS AND MATERIALS

Animals
Adult male (250-270 g) Sprague-Dawley rats (Charles River, Wilmington, Massachusetts) were pair-housed in 43 3 21.5 3 25.5 cm plastic cages and kept on a 12-hour/12-hour light/ dark cycle (lights on at 0700 hours). Food and water were available ad libitum except during testing. Behavioral experiments, except the sucrose preference test, were conducted during the first 4 hours of the light phase of the light/dark cycle and all animal protocols were carried out in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Florida State University.
Surgery
Rats were anesthetized with a ketamine (70 mg/kg)/xylazine (10 mg/kg) mixture (intraperitoneal). Bupivacaine (.25% solution; .4 mL/kg) was applied topically as analgesic and the nonsteroidal anti-inflammatory drug meloxicam (1.0 mg/mL) was injected subcutaneously.
Gonadectomy and Hormone Supplementation
Gonadectomy and sham surgeries were performed as previously described (10, 11) . Following gonadectomy/sham surgery, 60-day slow-release testosterone (25 mg/pellet), β-estradiol 3-benzoate (.1 mg/pellet), or placebo pellets (Innovative Research of America, Sarasota, Florida) were inserted subcutaneously into male rats 10 cm from a small 2-cm incision below the shoulder blades.
Osmotic Minipumps
Rats were implanted bilaterally with cannulae (Plastics One, Roanoke, Virginia) aimed at the dentate gyrus area of the dorsal hippocampus (anterior-posterior = 24.3; medial-lateral = 63.0; dorsal-ventral = 24.7 mm) (10). Cannula placement was verified a posteriori by sectioning on a cryostat. All rats included in analyses had correct placements. Behavioral data from seven rats were excluded from analyses due to incorrect bilateral cannula placement. Two cannulae delivered 6 mL/day of sterile saline or the sterile saline containing 1.0 mg fadrozole (Sigma-Aldrich, St. Louis, Missouri) via subscapular Alzet Osmotic Minipumps (Model 2004; Alza, Mountain View, California). This dose was chosen based on reports that intracranial infusion of fadrozole within the .8 mg to 1.378 mg dosing range effectively abolishes the local conversion of testosterone to estradiol (22, 23) . Before implantation, osmotic minipumps were incubated at 37˚C for 48 hours in sterile saline to equilibrate and ensure accurate flow rate.
Experimental Design
Experiment 1: Depressive-like Behavior Following Gonadectomy and Hormone Replacements. Ten days following surgery, depressive-like behavior of sham-operated and gonadectomized male rats (n = 6-8/group) receiving testosterone (GDX 1 T), estrogen (GDX 1 E), or placebo (GDX) pellet replacements were investigated using the sucrose preference test. Ten days following surgery, anxiety and depressive-like behaviors of GDX male rats (n = 8-14/group) receiving testosterone or placebo pellets and fadrozole or saline infusions into the dentate gyrus were investigated. The behavior of the rats was first tested using the open field test, followed 1 day later by the sucrose preference test. Testosterone was extracted from tissue punches taken from the dorsal hippocampus surrounding the sites of fadrozole or saline infusions before mass spectrometric analysis to confirm effective local inhibition of aromatase.
Behavioral Tests
Open Field Test. Rats were placed in a large (1 m 3 1 m) open field under dim light and were allowed to freely explore the arena for 5 minutes to provide measures of locomotor activity and general anxiety-like behavior, recorded by a digital camcorder placed above the open field. Locomotor activity and total duration spent in the center were analyzed in EthoVision XT version 8 (Noldus Information Technology, Leesburg, Virginia). The open field arena was cleaned with 70% ethanol between trials.
Sucrose Preference Test. The sucrose preference test consisted of a two-bottle choice paradigm (11) . After a 5-day habituation to two bottles of water, rats were given access to two preweighed bottles, one containing water and the other 1% sucrose, for 48 hours. The position of the sucrose solution was alternated with water at 24 hours to account for possible location preference. The bottles were weighed at 0800 hours and 1700 hours daily and the preference for sucrose over water was used as a measure of anhedonia.
Statistical Analysis of Behavioral Data
All data were first subjected to the Anderson-Darling normality test. Results from sucrose preference (experiment 1) and open field tests followed a normal distribution and were analyzed using one-way or two-way analysis of variance (ANOVA), respectively, followed by post hoc Fisher tests where appropriate. Nonnormally distributed sucrose preference data (experiment 3) were analyzed using the Kruskal-Wallis nonparametric test followed by Mann-Whitney post hoc tests where appropriate.
Microarray Analysis
RNA Extraction and cDNA Synthesis. Tissue punches (1.0 mm) from 200 μm sections of the dorsal hippocampus were homogenized in 400 μL TRIzol reagent (Life Technologies Inc., Grand Island, New York) and total RNA was isolated in accordance with manufacturer's protocol. RNA purity and concentration were assessed by optical density spectroscopy using a ND-1000 Spectrophotometer (Nanodrop Technologies, Wilmington, Delaware). RNA integrity (RNA quality indicator) was determined by Experion RNA StdSens analysis (BioRad Laboratories Inc., Hercules, California) before cDNA synthesis. Only samples with RNA quality indicator indices $8.0 were considered. Single-stranded cDNA was reversed transcribed from 10 μg aliquots of each sample with the Superscript II First-Strand cDNA Synthesis kit (Life Technologies) following manufacturer's protocol.
Gene Expression Profiling. Four micrograms of cDNA per sample (n 5 4-5/group) were labeled with Cy3 random nonamers and hybridized overnight at 421C onto a NimbleGen 12 3 135 K rat gene expression array (Roche NimbleGen Inc., Madison, Wisconsin), representing 26,419 genes. All procedures from NimbleGen Array User's Guide for Gene Expression Arrays (Roche NimbleGen Inc.) were followed. To account for interarray variability due to hybridization or procedural artifacts, biological replicates for each treatment condition were equally distributed across two arrays such that all groups were represented on each slide. Following hybridization, slides were scanned using the NimbleGen MS200 (2 μm resolution; single-channel, 532 nm) (Roche NimbleGen Inc.) to generate probe pixel intensity data. Resulting .tif image files containing probe intensities were processed with DEVA Software (v.1.6, NimbleGen) (Roche NimbleGen Inc.) for alignment, summarization, background normalization, and annotation. Probe-level intensities were summarized using robust multi-array analysis, followed by background subtraction and quantile normalization to generate probe-level gene expression for statistical analysis.
Analysis of Differential Gene Expression. Files (.PAIR)
were imported into ArrayStar 10.0 software (DNASTAR, Madison, Wisconsin) and normalized using global median probe expression. One-way ANOVA followed by moderated t tests correcting for multiple comparisons determined significant differences in messenger RNA (mRNA) abundance between experimental conditions, with a minimum threshold fold change of 1.5. Differences were considered statistically significant at p , .05. Pathway analysis of differentially expressed genes was completed using the Database for Annotation, Visualization and Integrated Discovery (DAVID; http://david. abcc.ncifcrf.gov/) (24, 25) .
Semiquantitative Real-Time Polymerase Chain Reaction. RNA used for microarray analysis (1 mg) was reverse transcribed to generate cDNA as described above. Semiquantitative real-time polymerase chain reaction was used, as previously described (26) , to validate selected genes of interest. Nicotinamide adenine dinucleotide dehydrogenase was used as the reference gene for normalization of all target genes chosen for validation of microarray results. Primer sequences are listed in Table S1 in Supplement 1. Normalized data are expressed as fold change relative to GDX control.
Determination of Testosterone Levels in Brain Tissue
Sample Preparation. Tissue (8-10 mg) was added with 20 μL internal standard mixture (testosterone-d3 in 90% methanol [MeOH]; 1 ng/g tissue) (Cerilliant, Round Rock, Texas), followed by 200 μL ice-cold Milli-Q water (Millipore, Bedford, Massachusetts). Tissue was sonicated, and 800 μL MeOH was immediately added. Samples were vortexed, sonicated in an ice bath for 15 minutes, and incubated at 41C overnight. The next day, samples were vortexed and centrifuged for 10 minutes, 3000 3 g (41C). Supernatant was transferred to a clean 1.5 mL tube and dried in a SpeedVac (451C) (Thermo Scientific, San Jose, California). Dried residue was resuspended in 1 mL 10% MeOH and loaded onto Oasis HLB 1 cc/30 mg solid phase extraction cartridges (Waters Corporation, Milford, Massachusetts) preconditioned with 1 mL MeOH and 1 mL Milli-Q water. Samples were passed through the column via gravity and washed with 40% MeOH. Analytes were eluted from the column via gravity into 1.5 mL tubes with 2 3 500 uL 90% MeOH and dried by SpeedVac (451C). Dried extracts were stored at 2201C until liquid chromatographytandem mass spectrometry analysis.
Mass Spectrometry. Brain tissue extract was redissolved in 10% acetonitrile aqueous solution with .1% formic acid (20 uL/ 10mg tissue). The above solution (3.75 uL) was injected to be separated by liquid chromatography with a NanoACquity nano LC system (Waters, Milford, Massachusetts). Eluents were ionized by nanoelectrospray ionization in positive mode and detected online with a Xevo TQ-S Triple Quadrupole Mass Spectrometer (Waters). Samples and standards were run in triplicate. Chromatograms were acquired and the area under curve was calculated for both testosterone and testosterone-d3. The concentration of testosterone in unknown samples was calculated by comparing the area under curve with the standard curve of the calibration standards under the same condition. Data were analyzed by two-way ANOVA, followed by post hoc Bonferroni's multiple comparisons tests. A detailed description of mass spectrometry conditions can be found in Supplement 1.
RESULTS
Experiment 1: Depressive-like Behaviors Following Gonadectomy and Hormone Replacements
GDX male rats exhibited reduced sucrose preference compared with sham-operated (sham), GDX 1 T, and GDX 1 E male rats (Figure 1 ; F 3,28 5 4.259; all ps , .05 versus GDX).
Sucrose preferences of GDX 1 T and GDX 1 E male rats were similar to those of sham male rats (ps . .05 versus sham).
Experiment 2: Regulation of Hippocampal Gene Expression by Testosterone and Estradiol Supplementation Following Castration
Microarray analysis revealed substantial regulation of gene expression within the dorsal hippocampus of GDX male rats supplemented with either testosterone or estradiol. A total of 4838 genes combined were found to be differentially expressed in GDX 1 T and GDX 1 E male rats compared 
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Regulation of actin cytoskeleton Testosterone Antidepressant Effects with GDX control rats. While 1327 genes were uniquely regulated by testosterone and 1209 by estradiol, a substantial set of genes, 2302, were significantly regulated by both hormones (Figure 2A ). All genes in this pool were regulated in the same direction (either upregulated or downregulated), suggesting that genomic actions of testosterone-derived estradiol may account for a significant portion of its transcriptional regulatory activity in the hippocampus of male rats ( Figure 2B ). Significantly enriched pathways for all treatments are presented in Table 1 , in addition to a list of selected gene targets validated by real-time quantitative polymerase chain reaction (Table 2) . Differentially expressed genes for each experimental condition are listed in Table S2 in Supplement 1.
Experiment 3: Anxiety and Depressive-like Behaviors Following Aromatase Inhibition in the Dentate Gyrus
Whereas low to undetectable levels of testosterone were observed in the dentate of GDX animals, physiological levels were detected in testosterone-supplemented rats ( Figure 3A ; p , .001). Moreover, testosterone-supplemented animals infused with fadrozole directly into the dentate gyrus ( Figure 3B ; -3.60 mm to -4.52 mm from Bregma, [27] ) exhibited higher levels than their saline-injected counterparts (p , .001), confirming effective local inhibition of testosterone's aromatization to estradiol by fadrozole infusion ( Figure 3A; . GDX animals receiving testosterone replacement and saline infusion exhibited increased sucrose preference compared with placebotreated GDX animals ( Figure 4D ; K 5 9.04, p 5 .029). Interestingly, this effect was blocked by the infusion of fadrozole, indicating that the conversion of testosterone to estrogen within the dentate gyrus, in part, mediates hedonic behavior (Mann-Whitney post hoc p , .02). However, the variability in sucrose preference scores following chronic aromatase inhibition ( Figure 4E ) suggests a possible role of DHT and/or other androgenic metabolites and brain regions in mediating the protective effects of testosterone on anhedonia induced by gonadal hormone depletion in male rats.
DISCUSSION
Our findings showed that depressive-and anxiety-like behaviors induced by gonadectomy in male rats could be effectively reversed by supplementation with either testosterone or estradiol, confirming previous findings that the protective effects of testosterone on depressive-like behavior are likely mediated via aromatization to estradiol. Consistent with these data, there was substantial overlap in changes in hippocampal GnRH, gonadotropin-releasing hormone; IgA, immunoglobulin A; Jak-STAT, Janus kinase-signal transducer and activator of transcription; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein kinase; PPAR, peroxisome proliferator-activated receptor; RI, Receptor I; TGF, transforming growth factor; VEGF, vascular endothelial growth factor. gene expression regulated by both chronic testosterone and estradiol treatment. Further, by chronically blocking aromatase activity within the dentate gyrus, we demonstrated a modulatory role of locally synthesized estradiol in this brain region in organizing aspects of antidepressant-and anxiolytic-like behavioral actions of testosterone. The contributing role of gonadal hormones in pronounced sex differences in depressive disorders is both organizational and activational in origin. Sexual differentiation of the brain is a hormone-dependent process, whereby testes-derived testosterone irreversibly masculinizes the brain, relying principally on its local conversion to estradiol via p450 aromatase. In adulthood, gonadal testosterone produces activational, or reversible, effects that contribute to sex differences at molecular, cellular, and functional levels (28) (29) (30) . As such, investigation of sex differences relevant to depressive disorders is inherently complex. In this study, a focus on activational effects of testosterone and estradiol on affective behaviors was permitted by depletion of the peripheral source of testosterone via gonadectomy of adult male rats.
Many of testosterone's effects in the brain are due to actions of its more physiologically active metabolites, DHT and estradiol. These may affect transcription through directly binding to their nuclear receptors (androgen receptor [AR], estrogen receptor α, and estrogen receptor β [ERβ]) or by rapidly modulating signaling pathways via membrane-bound receptors. In addition, nongenomic actions of estradiol and testosterone may rapidly activate signaling pathways to regulate subsequent transcriptional processes. Both may be required for behavioral outcomes related to actions of circulating or brain-derived sex steroids. In support of previous findings, estradiol supplementation in GDX male rats mimicked the antidepressant-like effects of testosterone in the sucrose preference test, suggesting that metabolism to estradiol may mediate several antidepressant-like effects of testosterone. This is further supported by the striking similarity in hippocampal transcriptional regulation by chronically administered testosterone and estradiol in GDX male rats. Transcriptional changes from testosterone-derived estradiol most likely come from this pool of genes, whereas those unique to estradiol supplementation may be consequent to exogenous administration.
A large body of evidence exists debating underlying mechanisms contributing to the different efficacy profiles of antidepressants in men and women. Among these, signaling pathways related to synaptic plasticity emerged as critical mediators of current antidepressant efficacy. Specifically, the MAPK/extracellular signal-regulated kinase (ERK) pathway has been identified as an integral component of the antidepressant response profile (31) (32) (33) (34) . For example, stress-mediated alterations in ERK signaling convey depressive-like behavioral responses in rodents that are reversible by chronic fluoxetine treatment (34) . Interestingly, this pathway represents a possible convergence point for actions of testosterone and estradiol within the hippocampus. MAPK/ERK signaling can be activated directly by testosterone via androgen receptor-mediated mechanisms, by aromatized estradiol through binding to ERβ, or through interaction of both sex hormones via AR-ERβ complexes (18, 35) . This pathway is therefore an excellent target for the actions of locally synthesized estradiol in the hippocampus.
We recently demonstrated testosterone-dependent regulation of ERK2 mRNA and protein within the dentate gyrus, where compromised ERK activity abrogated the antidepressant-like effects of testosterone. In addition, ERK2 overexpression within this region attenuated gonadectomyinduced anhedonic behaviors, mimicking the effects of testosterone supplementation (10) . In the present experiments, estradiol protected against anhedonia induced by gonadal testosterone depletion to an extent comparable with that observed following testosterone supplementation. Given the similarity in behavioral responses of GDX male rats receiving either hormone in the sucrose preference test, it is conceivable that testosterone's antidepressant-like actions are mediated through local aromatization, involving activation of MAPK/ERK in the dentate gyrus. In agreement with this hypothesis, we found significant overlapping transcriptional regulation of genes in the classic MAPK/ERK pathway by testosterone and estradiol when compared with placebo-treated GDX male rats (Table 1 ). 
Testosterone Antidepressant Effects
Within the classic MAPK pathway, specifically, we observed numerous differentially expressed genes upstream of MAPK/ERK. Positive regulators of MAPK/ERK signaling, RasGRP3 and Raf1, were significantly upregulated by both testosterone and estradiol supplementation. In addition, both hormone treatments significantly upregulated various growth factors (such as Fgf1 and Fgf5) known to stimulate this intracellular signaling cascade. Interestingly, chronic administration of either hormone significantly downregulated ERβ mRNA (Esr2) in GDX male rats, possibly due to prolonged activation of this receptor. This suggests that activation of MAPK/ERK signaling following chronic treatment with either testosterone or estradiol may not result directly from genomic effects of hormone supplementation but rather from nongenomic activation of intracellular signaling cascades by aromatase-derived estradiol via ERβ, which in turn may positively regulate MAPK/ERK activity via transcriptional regulation of upstream targets. Such synaptocrine mechanisms of estradiol locally synthesized from testosterone within the hippocampus could inevitably lead to sustained modulation of synaptic plasticity via regulation of dendritic spine stability or formation. In support of this theory, both hormone treatments upregulated Arhgef6 and Arhgef7 expressions. Guanine exchange factors are relays of signals from synaptic receptors to the cytoskeleton and regulate small guanosine triphosphatase effectors, which stimulate or repress actin-binding protein activity (36) . Downstream, we observed significant upregulation of LIM-domain protein kinase 1 (Limk1), an important regulator of actin cytoskeleton stabilization (36) . Atrophy of apical dendrites and decreased neurogenesis within the dentate gyrus in response to stress have been demonstrated in preclinical studies (37) (38) (39) . Moreover, reduction in hippocampal volume and neuronal atrophy within the hippocampus have been observed in individuals with major depressive disorder (40) (41) (42) . Such structural and functional alterations in the hippocampus may contribute to the depressive-like behaviors observed in the present study.
While these results support a major role for aromatasederived estradiol in mediating the protective effects of testosterone against depressive-and anxiety-like behavior in GDX male rats, we acknowledge that exogenous administration of estradiol is a limitation of this study, as it produces an unnatural peripheral source of estradiol in male rats. It is therefore plausible that the behavioral effects of estradiol were due to widespread effects on multiple limbic regions where estradiol is known to influence affective behavior, such as the nucleus accumbens and amygdala. Consequently, we infused the aromatase inhibitor fadrozole directly into the dentate gyrus of the hippocampus to determine the extent to which locally synthesized estradiol may influence anxiety-and depressive-like behavior. While local inhibition of aromatase activity clearly blocked the anxiolytic-like effects of testosterone replacement in GDX male rats, significant variability was observed in fadrozole-treated rats in the sucrose preference test, suggesting additional contributions of extrahippocampal and androgen-dependent mechanisms in mediating the protective effects of testosterone on hedonic behavior in male rats.
Both the aromatized and 5α-reduced metabolites of testosterone have demonstrated robust anxiolytic-and antidepressant-like efficacy in male rats. The primary androgenic metabolite of testosterone, DHT, is further converted to 5α-androstane, 17β-diol-3α-diol (3α-diol) and 5α-androstane, 17β-diol-3β-diol (3β-diol). In contrast to the high AR affinity of DHT, 3α-diol and 3β-diol are strong ERβ agonists (43) . Systemic administration of 3α-diol, 3β-diol, and selective ERβ agonists (e.g., diarylpropionitrile) are known to reduce restraint-stress induced corticosterone and adrenocorticotropic hormone elevation and decrease anxiety-like behavior in gonadectomized male rats and wild-type-but not ERβ knockout-mice to a similar extent as testosterone (44) (45) (46) (47) (48) . Importantly, a direct role of androgenic metabolites in the hippocampus on anxiety-like behavior has been demonstrated in intact and DHT-replaced male rats, where infusion of the androgen receptor antagonist flutamide into the cornu ammonis 1 blocked the anxiolytic-like effects of hormone replacement (49) . It is therefore possible that both androgen and estrogen actions on ERβ in the hippocampus may have elicited the behavioral benefits of chronic hormone supplementation in this study. Indeed, the downregulation of ERβ mRNA by both hormones observed herein support their action at this receptor in the hippocampus.
We have demonstrated that the protective anxiolytic-and antidepressant-like effects of testosterone in GDX male rats are, in part, mediated by conversion to its active metabolite estradiol. These effects were associated with changes in hippocampal gene expression related to MAPK/ERK signaling and synaptic plasticity, along with alterations in numerous pathways of potential relevance. Functional studies within the dentate gyrus further suggest that this brain region is critically involved in aspects of anxiety-and depressive-like behavior that are modulated by aromatase-derived estradiol in the hippocampus of GDX male rats. Through use of microarray technology to profile gene expression patterns associated with hormone-dependent behavioral outcomes, the present findings not only support past discoveries but also provide novel avenues worth exploring in greater detail using complementary deep sequencing and behavioral techniques.
